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Intro to Stanford Microfluidics Lab
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Outline

Background: Microfluidics and 1sotachophoresis (ITP)
o ITP process and visualizations
e ITP models

> Perturbation model

- Shock capturing code for multispecies with reactions

« ITP applications

- Fluorescence detection of non-fluorescent analytes
» Isothermal PCR for DNA amplification

 Summary and near future work
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Microfluidics
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- Point-of-care medical diagnostics

* Challenges and Advantages
> Reduced reagent use
Specificity, sensitivity

Y

Integration and automation
Portability and robustness
Potential for parallel analyses

+30 um
L
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Electrokinetic Transport
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Electrokinetic Transport

Copyright J. Santiago, 2007 Stanford Microfluidics Lab



Electrokinetic Transport
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Electrokinetic Transport
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Suppressed electroosmotic flow
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Isotachophoresis (ITP) Background

20,000+ citations; currently ~1.5 times/week
» Kohlrausch: Ion theory, KRF function (1897)

 Longsworth: Moving boundary electrophoresis for determining
transference number of strong electrolytes (1930)

* Tiselius (1930); Martin (ITP, 1942), Alberty (weak electrolytes, 1949)

» Gebauer P and Bocek P: Relationship for order of ITP zones and their
stability (1983)

» Saville DA et al.: Generalized model for electrophoresis, ITP, IEF
including multispecies, buffer reactions and diffusion (1983)

*Wainright et al.: On-chip application to eTags, 530 fold, (2002)
*Gas et al.: SIMUL — free dynamic simulator of electrophoresis (2005)

«Jung, Santiago, et al. (2006) — Million fold ion focusing in 2 min,

100 attomolar sample detection
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Isotachophoresis:

Single species focusing

B ©C e e OGS~
e .. = S .cc cS €cCce e

I~ [~
‘. .l. E© e .l QQ:QQQ °:¢°§ G::;
© e = ..°eeg°¢°=°e %
50 um
Order of mobility © Leading lon (LE)
v = v =V
A - ‘ B Sample lon

‘ Trailing lon (TE)
7 Counterion not shown
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[sotachophoresis:

Single species focusing
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Isotachophoresis:

Single species focusing
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Isotachophoresis:

Multispecies focusing
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Isotachophoresis:

Multispecies focusing
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ITP Experiments On-Chip
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Stablhty of ITP Zones

5] i) i)
f= Us 755 15s 225% 30s 3758
* Fixed shape, concentration over 2000+ dia 45 <
« Stable to changes 1n geometry
. v
'8 74 um % © 34 um
753 67.5s 60 s

» Typically EHD stable to ~1 kV/cm
 Stable to perturbations 1n electric field and pressure:

50 um
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* Background: Microfluidics and 1sotachophoresis (ITP)

I'TP process and visualizations
* ITP models

- Perturbation model
- Shock capturing code for multispecies with reactions

I'TP applications

- Fluorescence detection of non-fluorescent analytes
> Isothermal PCR for DNA amplification

 Summary and near future work
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I'TP Models
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JL Area averaging
a<C|> 0 (lueoon)Za'2 82<CI>
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e Method of characteristics I No advection
e Perturbation model o _ 0 {D. o —Fzy & 9 }
ot ox| ' ox ' Ox
e Shock capture model No diffusion

- N weak electrolytes L fully ionized
- Real-time control of multiple input streams e B {

> Optimization

- Area-averaging and Taylor dispersion | -
Copyright J. Santiago, 2007 Stanford Microfluidics Lab
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Preliminary work: Characteristics model

.\00
* Negligible diffusion, 5
advection Qﬂ&
e Assume fully ionized
(relaxed charge, net _
neutrality) 5 20
« Shocks & expansions X [mm]
(electromigration t=0.0875 [s]
dispersion)
e Initial conditions
“remembered” via KRF n T o 5 2
e 3 species: X [mm]
> Simplest system
C. > Rl affects 7\42 wave Wa.VG Riemann
8t1 = speed 3 species relations invagiants Wave speeds
+ N-1 1 = .C. . —
_% [v.05, ~Fvez, (v, _VN)]% I:> ~ - 0 |R, ;ZICI vl 4 =0
o S o oR, . &R Fj
6]/8)( ~0; Cy = —g ZI; C. 8‘[2 s 8X2 =0 Rz =C /02 ﬂ«z- - ?.V%V2V3R1
Stanford Microfluidics Lab
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* Background: Microfluidics and 1sotachophoresis (ITP)
* ITP process and visualizations
* ITP models

- Perturbation model
- Shock capturing code for multispecies with reactions

I'TP applications

- Fluorescence detection of non-fluorescent analytes
- Isothermal PCR for DNA amplification

 Summary and near future work
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1D Pertubation model i

Expand on §=C, /C ~10
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Copy¥ighi Iaraae, 8B antiago, unpublished result (2007) Stanford Microfluidics Lab



Pertubation model:* Experimental validation

25mM TE Concentration

0.4 ‘ . . B — 5x10 — :
wave speed [~ swam accumulation rate
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e ITP models

- Shock capturing code for multispecies with reactions
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Shock Capture Code for Multi-Species ITP

Collaboration with Sanjiva Lele, Stanford

« Multispecies convection-diffusion solver
- High resolution (20% resolving efficiency w/ 0.1% accuracy)
. 4% order in space and time
- Explicit in time, implicit in space
- Adaptive grid (~3 min for 10 weak electrolyte ITP focusing/separation)
- Electric body force

Area-averaging, non-uniform EOF, Taylor dispersion (ongoing work)
+ Chemical equilibrium for generalized weak electrolytes

(300 chemical data base)

t=40 s
100

=

E 50f {7 

o

D l l l l l l l
20 22 24 26 28 30 32

X [mm]
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ITP of Weak Electrolytes

Realistic ITP 1s a coupled convective-diffusion-electromigration-reactions

problems: e P, P,
« Effective (time averaged) mobility p = Z Fzu; C,/ Z Ci
(function of pH(pKa,(l), pKay(l),.., ¢;, C,, ...Cy)) 2=n, 2o
TE (pHj, =9.8) Analyte 4 LE (pH=28.2)
CO,[H,0] HCO, +H* Ser] Ser +H" HCl— H" +CI”

HCO, 0 CO,>+H"

AC Tris+H™ 0 TrisH' Tris+H"O TrisH"

2H20D H3o++OH— B—\ m 2H20D H3O +0OH"
% ot W .

NaOH — Na" +OH " X / E,
EACA" [l EACAL EACA +H TE <:
t=0s] 3
— 200 {7 \
E 100 6%
& O _5
| | | | | | | | | | _1_
0 2 4 6 8 10 12 14 16 18 20 22
X [mm]

CogEiIV R I2RAd Santiaco. JG. unpublished results Stanford Micr
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P
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« ITP applications

- Fluorescence detection of non-fluorescent analytes
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Fluorescent Mobility Markers

Ca
S = N ‘markers
+(N-1) samples ﬂ LE - 8 Samples bound by a
B X . known markers f """" "1
C —y «— ) Adjacent markers - |
TE t E without sample \ |
. | i |
.~ Vacuum
Flt - s: I
LE 3 [
TE ey { \ !
> TR J I
X ] |
C ~-— TE - LE \:) Iy
Gne J { . MLM2  M3M4 s Dlsnce
“__/ Flt

=
. i . oint detector
» Series of non-fluorescent analytes sandwhiched between a series of P
fluorescent mobility markers

» Analyte detectable as “gap” in the mobility markers

Khurana & Santiago, ‘“Pre-Concentration, Separation, and Indirect Detection
of Non-Fluorescent Analytes using Fluorescent Mobility Markers,” in

CopyriglPiessAnalystgal Chemistry, 2007. Stanford Microfluidics Lab




Mobility marker experiments

S, S S.-
TE LE TE -—E 3X2-2X1' ! LE +

Markers +
Analytes ———————— Non Fluorescent Analytes
Cl i [
_—— e — I‘
1 :
L .
HL L » X > X
Fluorescent
mobility
) T 15 markers
O Q
D @
&2, &2
o & 10
£ £
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LE: Tris-Chloride
TE: Sodium - TPB
(Tetraphenyl-Borate)

106 11 116 12 125 13 ° 155 16 165 17 175 18

Distance (mm) Distance (mm) X,: Serine (10 mM)

TPB- (TE) X,: Phenylalanine (10 mM)

TPB (TE) 3 B8] Phenylalanine Sy OGC_A (Qregon Green
() / 5 | T~ serine carboxylic acid) (1 um)
w w
~ Lo Bod : i
0 0 10 Y% '\OGCA S,: Fluorescein (1 um)
= = " S,: Bodipy (1 um)
CI (LE)
0 = 0
205 21 215 22 225 23 255 26 265 27 275 28

Distance (mm) Distance (mm) . -
cupK lwrranae&oantiago, in press, Analytical Chemistry, 2007. Stanford Microfluidics Lab



| 2
Concentration
encoding scheme : A

Y P Ms Ms Ms ~ Ms
[ | [ |
T X1 X2 X3 L
Three analytes/four spacers
High/low/high/low spacer encoding scheme
Bodipy FITC Fluorescein OGCA

Phenylpropionic Aspartic acid Acetic
acid acid

Experiment Conditions:

Leading electrolyte: 5 mM Tris-HCI, pH 9.1

Trailing electrolyte: 5mM sodium tetraphenylborate.

Analytes: 10 uM acetic acid, 25 uM aspartic acid, 20 uM phenylpropionic acid

Spacers: Oregon Green Carboxylic Acid (OGCA), Fluorescein, Fluorescein Isothiocynate (FITC), Bodipy.

Khurana & Santiago, “Pre-Concentration, Separation, and Indirect Detection
of Non-Fluorescent Analytes using Fluorescent Mobility Markers,” in press,

CopymialytticadrChemisery, 2007. Stanford Microfluidics Lab



Linear detector of concentration

ERS PP ace (el
(@) 3 s =B
(b) 3 7 =
(c) 3 F2 1 R
(@) 3 52 =
34 4 pm
e Linearity btw gap width and Cmmal .
1: Oregon Green carboxylic acid -~ =2
@ o 2:fluorescein - E 1E-02
g'l 3: Bodipy o
_|8 1.5 8 1.E-03]
3 S 1.E-04
© _ o 1.E-
E) A CSer = 10mM E 1.E-05
$o05 S e Theoretical Estimate S |
— Linear Fit 5 1E00
0 , @)
0 0.5 1 1.5 2 2.5 3 3.5 1.E-07

Concentration Ratio C
Ser

/Con

*C... = 121048 uM
*Cpp =40 uM

Demonstrated detection of

simple acids, amino acids, proteins,
and DNA

Current limit: 100 nM

Non-fluorescent species detection

CZE with UV
CZE with indirect absorbance
fluorescence @] detection
detection O
00 ©
©<>
O oK%
ITP with mobility
markers ITP with
conductivity
A detection
/\

1.0E-07 10E0610E0510E0410E03 10E02

Limit of Detection (M)

Khurana & Santiago, “Pre-Concentration, Separation, and Indirect Detection

of Non-Fluorescent Analytes using Fluorescent Mobility Markers,”

CopyialyticadChemisty, 2007.

in press,
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Detection of Phenol Using
Fluorescent Mobility Markers

TE M, M, LE
B

@ e P00l
e AR e 0k 1 R O Aor ol

(b) —— T

CH T\ 100 uM Pheno
DR R

Phenol zones
LE: Tris-Acetate (25 mM, pH 9.8)

TE: Tris-EACA (epsilon amino caproic acid, 25 mM, pH 9.2)
Mobility Markers: M; 50 nM Fluorescein,
M, 50 nM Dextran Alexa Fluor (MW 10,000)
Copyright J. Santiago, 2007 Stanford Microfluidics Lab
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« ITP applications

> Isothermal PCR for DNA amplification
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The polymerase chain reaction (PCR)

In-vitro DNA amplification technique

» ~400,000+ j. pubs with “PCR” (one review! cited ~ 15,000 times)
* An essential tool in molecular biology and medical research

Traditional PCR: exponential amplification by cycling temperature /

[ ] — | ] —» |

/ = —\

. | T~95°C TzSS_C Tz72.C

— : annealing extension
denaturation .

double-strand dDNR of primers by polymerase /

ouble-strande e |

R

oT, '
: M =-0.62 K.(% FA)’
DNA melting temperature depends 80+ 0C;, (6 FAS
strongly on solvent: G R?=0.999
= 70!
€
|_
60"
In 50% formamide (v/v), DNA can
melt at 55°C

0 20 40
FA concentration (%)

etc.

cc 'Saiki R.K. et al.: Primer-directed enzymatic amplification of DNA with a thermostable DNA-polymerase. Science, 1988.

b



Isothermal PCR (1PCR)

Electromigration of DNA

>

. * DNA electromigration via ITP:
Advection of denaturant

DNA is focused (limited dispersion)
A A NN

>  DNA stationary, advects denaturant
Axial channel distance

Concentration

6
1 2 x 10
a) I ITP-focused — : : - EI
Denaturant PCRbuffer ~ DNA template D - B-DNA template — 10,000 copies ,
| GND <10 No template control '
S— !
L BLHEW Y ~€—— Electromigration T~ 2» F:
g g ,
R Q’ d
AERERRRERRRERRREN = d
6 '
+HV ’ ‘ = ;
Polymerase Primer 5 I
| !
b) \ M  dNTPs \ O 4 >
TTTT Q Q =~ Kool
||||1|||1||| I 1 3 e O O e sc_) Q" 855 m
B .8 & \0 ’
5 2 § o O84%00%
Bulk . I TR oCf o8
L M A .-(—Elomrgratlon LTS @SQE poar
| GND 0 . . .
PCR buffer Denaturant |TP-focused 0 5 1 0 1 5 20 25
DNA template CYCle #

+HV . . .
Collaboration with Ebara Corporation : -
Copyright J. Santiago, 2007 Persat, Morita, Santiago, uTAS 2007 Conference Stanford Microfluidics Lab




Summary

* Models capture essential physics, provide design tools
for optimization
* Enables indirect detection of unlabeled analytes

> ~50 nM sensitivity
- Applying to detection of toxins and chemical weapons

* Enables isothermal PCR
> Currently optimizing PCR conditions
- Developing quantitative (real time) PCR

 Near future work

> Novel indirect detection methods
> Protein ITP

Copyright J. Santiago, 2007 Stanford Microfluidics Lab
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